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Abstract 
The Center for Aircraft Structural Life Extension (CAStLE) at the United States Air Force (USAF) Academy has 
undertaken work to produce a standardized test method for determining the effect of a corrosion inhibitor containing 
chromate on small scale fatigue damage. CAStLE is specifically focusing their research on the effect of chromate 
primers on the pit-to-crack transition and crack growth under the USAF damage tolerant flaw size (1.5 mm). 
Quantifying the chromate effect on the small damage scale is necessary to provide a baseline to compare the efficacy 
of new and safer coatings on fatigue life. To correctly account for these factors, bare and chromate primered test 
specimens of AA7075-T651 were produced with a center hole and a corrosion pit at the edge of the hole, and 
subsequently fatigued using representative environments and loading schemes until a thumbnail crack of 
approximately 1 mm radius was produced. How chromate coatings effect fatigue crack growth is dependent on 
enough chromate leaching from a coating to reduce the fatigue crack growth rate (FCGR) in the time it takes to grow 
from a 300 ȝm pit to a 1 mm fatigue crack. The current results suggest that the amount of chromate required to leach 
from the primer to affect FCGR may be highly dependent on the amount of chloride present. 
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1. Introduction 
Atmospheric conditions as benign as humid air can cause large changes in the fatigue life of cracks in 
aircraft alloys [1,2]. In the presence of atmospheric environments corrosion damage, such as pit 
formation, can occur. These pits can act as stress raisers which initiate fatigue cracks. Within damage 
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tolerant design, it is assumed that the majority of fatigue life exists in the short crack region of fatigue. 
However, most existing experimental procedures and data on corrosion fatigue focus on either the 
formation of the pit or long-crack fatigue propagation. It is possible that as the United States Air Force 
(USAF) and other military organizations move away from chromate-containing coatings, there may be an 
unexpected loss in fatigue life if chromate coatings provide protection from corrosion fatigue below the 
damage tolerant flaw size. To ensure that there is not an unexpected loss in fatigue life with the 
implementation of new coatings, a laboratory technique needs to be developed that better encompasses 
typical aircraft structure (geometry), loading and damage. The Center for Aircraft Structural Life 
Extension (CAStLE) at the USAF Academy has undertaken research to develop and validate a 
standardized test method and specimen that document the ability of a corrosion protection system to affect 
fatigue damage below the damage tolerant flaw size. During the validation of the test method the amount 
of chromate needed to affect fatigue crack growth rates and the mechanisms that influence the 
effectiveness of chromate coatings were also investigated. 
2. Test Protocol 
Figure 1 shows the specimen developed by CAStLE with a centrally located hole. As in-service cracks 
are typically found emanating from holes in aircraft structure, it is thought that this geometry better 
incorporates a real world aspect of flaw location compared to an edge- or center-cracked panel. For 
validation of the specimen geometry, samples were made from a legacy aircraft aluminum alloy and 
temper, Aluminum Alloy (AA) 7075-T651. For each specimen the flaw introduced to initiate the fatigue 
crack was a small corrosion pit of controlled dimension (~ 300 ȝm radius) inserted at the corner of the 
bore hole [3]. For all tests completed during the sample validation, an environmental chamber, shown in 
Figure 1b, was used to control the test environment. The sample was loaded into a computer controlled 
servohydraulic test frame and tested using a direct current potential drop (dcPD) system. For each test a 
fatigue crack was propagated from the pit until the crack reached approximately 1 mm in length, and then 
the test was terminated and the sample pulled to failure by overload. Three different environments were 
evaluated during the validation of the test method: dry nitrogen (N2), humid N2, and immersion in salt 
water (0.06 M NaCl concentration). These environments were selected because they encompass standard 
laboratory corrosion fatigue test environments and are aircraft environment relevant.  
Table 1 shows the test matrix used for validation of the test plan. Uncoated specimens were used to 
produce the AA7075-T651 baseline data for comparison with corrosion inhibitor data. The matrix was 
selected to include common frequencies (f) to detect any frequency effects with corrosion fatigue. As the 
test method is designed to test corrosion inhibiting primers, when a sample is referred to as “Bare” the 
term means no form of primer or coating is applied to the sample. The matrix was repeated, noted as the 
“Primered” in Table 1, to validate the method with coated samples. In this testing the AA7075-T651 
samples were chromate-conversion coated followed by application of a chromate primer. 
3. Results 
Figure 2a shows the results from the baseline tests (symbols) compared to long crack fatigue crack 
growth (lines) from published literature [1,2]. For each test the fatigue crack growth rate (FCGR) in the a 
and c directions were broken out to produce both da/dN and dc/dN versus ¨K curves. The need for two 
crack growth rate curves for each sample is because microstructural orientation and proximity to 
corrosion inhibitor could influence the crack growth rate in each direction differently. The K-solution for 
all analyses was calculated using the 2-point advanced solution in the AFGROW software tool [4].  
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Figure 1. (a) Proposed specimen design for standardized test protocol. (b) Drawing of environmental test cell used for test protocol 
validation. Dimensions of test cell are not standardized and should simply be appropriate for the sample being used. 
Table 1. Test matrix for baseline AA7075-T651 data with standardized test method (Bare). To validate the specimen design for 
corrosion inhibiting primers, samples were chromate conversion coated and primered (Primered). 
Sample Environment Loading Frequency (Hz) ¨KIntial (MPa¥m) R Replicates 
Bare/Primered Humid N2 Constant 20 3 0.1 2 
Bare/Primered Dry N2 Constant 20 3 0.1 2 
Bare/Primered 0.06 M NaCl Constant 20 3 0.1 2 
Bare/Primered Humid N2 Constant 1 3 0.1 2 
Bare/Primered Dry N2 Constant 1 3 0.1 2 
Bare/Primered 0.06 M NaCl Constant 1 3 0.1 2 
Bare/Primered Humid N2 Constant 0.1 3 0.1 2 
Bare/Primered Dry N2 Constant 0.1 3 0.1 2 
Bare/Primered 0.06 M NaCl Constant 0.1 3 0.1 2 
 
Overall, the measured crack growth rates were higher than or equal to published long crack fatigue  
data [1,2] (see Figure 2a). The dry N2 experiment showed slower growth rates when compared to 
literature at ǻK values above 5 MPa¥m [1,2]. The discrepancy could be due to multiple factors, including 
but not limited to: mixed crack orientation (meaning the crack grows in both the short-transverse and 
transverse-short direction), small crack effects, crack closure, difference in loading frequency, 
experimental scatter associated with fatigue testing or a need for a K-solution that better describes the 
crack shape development.  
Figure 2b shows the bare and primered samples tested in aqueous environments. The bare and 
chromate primer coated samples tested at 20 Hz in 0.06M NaCl have similar crack growth rates, but the 
coated specimen showed higher da/dN compared to dc/dN; this could be due to the primer, since the c-tip 
was in contact with the chromate coating, whereas the a-tip was not. The bare specimen showed the 
opposite trend, but the difference in initial a/c makes the comparison qualitative. The presence of the 
primer did not conclusively slow the fatigue crack propagation, which was expected as chromate is 
known to be ineffective at higher frequencies in low concentrations [5]. For the samples tested at 0.1 Hz 
in 0.06 M NaCl, the coated sample has a faster fatigue crack growth rate than the bare sample. This was 
an unexpected result; because at lower frequencies, chromate is expected to have a greater effect in 
reducing fatigue crack growth rates [5]. Assuming the crack growth rate is hydrogen driven and not 
chloride driven, both tests completed in pure water (H2O) at 0.1Hz show a reduction in fatigue crack 
growth rate compared to 0.06 M NaCl, suggesting a small positive effect of chromate primer in the 
absence of chloride.  It should be noted that for the second H2O test pre-cracking from the pit occurred at 
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5 Hz and then the crack growth rate curve was produced at 0.1 Hz. In most cases, the difference in da/dN 
and dc/dN was small, and more pronounced at low ¨K. When the initial aspect ratio is greater than 1, the 
dc/dN tended to be slightly higher than da/dN.  
Table 2 shows how the aspect ratios (a/c) developed from pit to final crack and the cycles to detect 
crack propagation for each test; defined as the number of cycles required to produce a detectible increase 
in the dcPD signal (0.2 microvolts). The pit aspect ratio (a/c) for the 0.1 Hz chromate primered sample in 
0.06 M NaCl was 2.53 which makes a direct comparison between the bare and primered samples at 0.1 
Hz invalid and may explain the unexpectedly high growth rate. For all coated samples, it appears that the 
presence of the primer increases the cycles to detect propagation (see Table 2). It is possible that the delay 
in starting crack propagation is an effect of chromate, but additional tests are required to confirm this 
effect.  
 
 
(a) 
 
(b) 
 
Figure 2. (a) Measured crack growth rate curves compared to published data for bare specimens [1,2] and (b) crack growth curves 
for chromate primer coated specimens in aqueous solution.  Filled symbols are da/dN, open symbols are dc/dN. 
 
Table 2. Comparison of pit size, aspect ratio and cycles to detect propagation for bare and primered AA7075-T651 samples tested at 
0.1 Hz and 20 Hz in different environments. 
Sample Environment Frequency (Hz) 
Pit Radius 
(mm) 
Initial Pit  
Aspect Ratio 
Final Crack 
Aspect Ratio 
Cycles to Detect 
Crack Propagation 
Bare Dry N2 20 0.17 1.62 1.26 30,000 
Bare 90-95 % RH N2 20 0.22 0.92 1.18 35,000 
Bare 0.06 M NaCl 20 0.29 1.26 1.35 45,000 
Primered 0.06 M NaCl 20 0.24 0.86 1.20 85,000 
Bare 0.06 M NaCl 0.1 0.29 0.67 1.28 10,000 
Primered 0.06 M NaCl 0.1 0.27 2.53 1.39 51,000 
Primered Pure H2O 0.1  0.25 0.93 1.39 40,000 (at 5 Hz) 
Primered Pure H2O 0.1 0.23 1.86 1.03 40,000 
 
4. Chromate Leaching 
The effect of chromate on FCGR is dependent on how much chromate can travel from the primer to 
the crack surface, also known as leaching. Most research on chromate primers shows that adsorption of 
water (hydration) by the primer is needed to provide corrosion protection [6,7]. It is hypothesized that the 
hydration of the primer causes the self-healing properties of chromate coatings as the chromate ions are 
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able to travel through the polymer matrix to the coating defect site. In corrosion fatigue, the need for 
primer hydration must also be balanced with the concentration of chromate at the crack tip. If there is too 
much liquid present then the primer is able to hydrate, but the chromate concentration present in the 
solution may be below the critical concentration (Ccrit) necessary to maintain crack surface protection 
(passivation). The amount of chromate needed to passivate bare aluminum alloys is a function of chloride 
concentration [5,8]. This issue of primer hydration versus chromate dilution suggests that, to determine 
how much chromate is needed to slow fatigue crack growth in any alloy, an appropriate surface area of 
primer to volume of solution ratio (SA/V) is needed to determine what concentration of chromate leaches 
from a primer.  
Based on prior CAStLE research programs, several areas in aircraft known to collect fluid were 
examined and the SA/V ratios calculated. An area in the wing of some transport aircraft known to collect 
fluid was determined to have an SA/V ratio of 0.022 mm-1. Another area in in-service aircraft widely 
known to collect liquid is the lap-joints. The same SA/V calculations were completed on the several lap-
joint areas and the SA/V ratios varied between 1.72 mm-1 and 3.79 mm-1, meaning the surface area of 
primer compared to the volume of liquid the space can hold was extremely large. For the lap-joint SA/V, 
the amount of liquid required to produce the required ratio varied between approximately 0.30 mL and 
0.80 mL of solution for the specimen in Figure 1; far too little to be considered a full immersion test. This 
suggests that to accurately mimic the primer/solution conditions in a lap-joint, a thin salt film 
environment, rather than full immersion, would be highly applicable [1]. The use of full immersion tests 
in studying aircraft corrosion fatigue issues has been criticized; as aircraft are not flying submerged, 
rather small areas on aircraft (lap-joints) collect water. This overestimate of the severity of the 
environment could cause overly cautious life estimates for aircraft along with prematurely ruling out 
adequate corrosion inhibitors as the test environment was too severe [1]. While having a robust design is 
good from a safety point of view, a proper view of applicable operating environment may allow for better 
cost and life estimates. In this vein, research has recently been completed to determine how the 
application of a thin salt film compares to full immersion of a sample when looking at fatigue crack 
growth rates [1].  In most aircraft environments, a thin layer of salt or other electrolyte is present on the 
surface of the aircraft; this layer can be hydrated by humidity in the atmosphere or other precipitation 
events allowing corrosion fatigue to occur. However, these environments could also allow for the 
hydration of the chromate containing primer leading to corrosion inhibition effects on FCGR. 
Based on the SA/V ratios for lap-joints, initial calculations for chromate concentrations using a thin 
salt film suggest that the expected chromate concentration would be 0.016 to 0.035 M. Testing primered 
samples with a salt film applied would allow for future comparison with published data on the effect of 
chromate in bulk solution on fatigue crack growth [5]. In that research, two concentrations (0.03 M and 
0.5 M) of chromate salt (Na2CrO4) were added to the bulk 0.6 M (3.5%) NaCl solution during a series of 
full immersion fatigue crack growth tests. Table 3 gives the frequencies over which there was a chromate 
effect for each ¨K and concentration [5]. 
From Table 3 it should be noted that the frequency over which chromate slows the fatigue crack 
growth rate increases with lower ¨K. That suggests that at ¨K of 3 MPa¥m where the short crack growth 
testing starts, the critical frequency should be higher than the 0.2 Hz for a ¨K of 6 MPa¥m if the 
chromate concentration exceeds 0.03 M. However if the concentration is lower, then it is possible that 
much lower frequencies will be need to observe the effect of chromate leached from the primer. 
Additionally, it is known that addition of chromate is less potent at lower ¨K [5]. At a ¨K of 12 MPa¥m, 
0.5 M chromate reduces the FCGR to near that of ultra high vacuum (UHV); at ¨K of 9 MPa¥m the 
chromate reduced growth rate to dry air for the 0.5 M concentration and to 30-40% relative humidity 
(RH) for 0.03 M [5]. For ¨K of 6 MPa¥m the 0.5 M concentration lowers the FCGR to approximately 30-
40% RH levels, and the 0.03 M reduces the growth rate to that of high RH [5]. This raises the concern 
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that at a ¨K of 3 MPa¥m the chromate effect on FCGR will be very small with leached concentrations; in 
the range of the difference between full immersion in NaCl and high humidity, but not near UHV. This 
also suggests that the thin salt film work is promising for showing that chromate does affect corrosion 
fatigue in real aircraft environments. 
Table 3. Comparison of where the highest fatigue crack growth rates occur at each ¨K value and where the chromate effect is noted 
for each concentration [5]. 
¨K (MPa¥m) Highest FCGR in 0.6 M NaCl 
Effective f Range 
0.03 M Na2CrO4 + 0.6 M NaCl 
Effective f Range 
0.5 M Na2CrO4 + 0.6 M NaCl 
6 0.5 Hz-10.4 Hz 0.2 Hz -0.8 Hz 0.2 Hz -60 Hz 
9 0.1 Hz-1 Hz 0.1 Hz-0.3 Hz 0.01 Hz -80 Hz 
12 0.04 Hz-0.1 Hz 0.01 Hz -1 Hz 0.1 Hz -7 Hz 
5. Conclusions 
Repeated tests appear to indicate that crack nucleation time from a small pit at a hole is lengthened by 
the presence of a chromate coating. However, the effect of chromate containing primer on corrosion 
fatigue crack growth for very small cracks is not well characterized. The tests in pure water suggest that 
the ratio of chloride to chromate may be very important to characterizing the efficacy of chromate. 
Improvement of the K-solution along with better control of the pit aspect ratio should allow for more 
understanding of the crack shape development and chromate inhibition. The analysis of chromate 
leaching suggests that a thin salt film may be more applicable than full immersion testing for aircraft 
applications. Experiments to determine the amount of chromate leaching from the primer into solution 
need to be completed to better determine the frequency and loading ranges appropriate for quantifying the 
effect of chromate. 
Acknowledgments 
This work was funded under USAFA contract (FA7000-09-D-0007) and Broad Agency Agreement 
(USAFA-BAA-2009-1) by the United States Office of the Secretary of Defense under the University 
Corrosion Collaboration (UCC).  
References 
[1] Warner, JS. The inhibition of environmental fatigue crack propagation in age-hardenable aluminium alloys. PhD Dissertation, 
University of Virginia, Charlottesville, VA; 2010. 
[2] Ciccone, MP. The effect of corrosion product formation on fatigue crack closure of AA7075-T6511 and AA7055-T7451. MS 
Thesis, University of Virginia, Charlottesville, VA; 2005. 
[3] Burns, JB. The effect of initiation feature and environment on fatigue crack formation and early propagation in Al-Zn-Mg-Cu. 
PhD Dissertation, University of Virginia, Charlottesville, VA; 2010. 
[4] www.AFGROW.net version 5.01.05.16 (2010). 
[5] Gasem Z, Gangloff, RP. Rate-limiting processes in environmental fatigue crack propagation in 7000-series aluminum alloys, In: 
Jones, RH editors. Chemisty and Electrochemistry of Corrosion and Stress Corrosion Cracking, Warrendale, PA: TMS-AIME; 
2001, pp. 501-521 
[6] Fedrizzi, L, Deflorian, G, Boni, PL, Pasini, E. EIS study of environmentally friendly coil coating performances. Prog. Organic 
Coat. 1996; 29: 89-96. 
[7] Petry, L, Dante, JF, “Analysis of isocyanate-free topcoats by electrochemical impedance spectroscopy”, Evaluation Report No. 
99-71, AFRL/MLSA, September 1999. 
[8] Jakab, MA, Presuel-Moren,F, Scully, JR. Critical concentrations associated with cobalt, cerium, and molybdenum inhibition of 
AA 2024-T3 corrosion: delivery from Al-Co-Ce(-Mo) alloys”, Corrosion, 2005; 61: 246-263 . 
